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dependent on the level of bias present in the data, as expected.
It may be emphasized that once the appropriate constants have
been ascertained, no further trials are required, thus facilitat-
ing its use in real time processing of data.

Similarly, the other two observation residual-based models
can also be effectively used in processing data. It was found
that by using these models in various suitable sequential com-
binations, it is possible to significantly improve the resulting
accuracy.

Finally, we present the results of simulation runs with noise
model 4, which is based on vibration damping analogy. Table
3 shows filter runs with different initial errors in the position
and velocity estimates. It is evident that the proposed filter is
able to control the errors to within a much lower level rather
quickly., With the filter progressing further in time, the error
levels continue to fall, leading to an accurate satellite orbit
estimation. It is interesting to note that this fast filter conver-
gence is achieved in all cases regardless of the error levels in the
initial guess.

The initial state covariance Py is not known a priori and has
to be ‘‘guesstimated.’’ In general, the filter performance is
dependent on the accuracy of this guess as well. To assess the
sensitivity of the noise model to the initial state covariance, the
filter performance was evaluated for varying P,. For filter
runs, its base values were adopted from the corresponding
elements of the observation noise covariance R. The results of
this study with P, varied over several orders of magnitude are
presented in Table 4. It can be seen that a rather rapid rate of
convergence achieved by the filter remains virtually unaffected
by the assumed values of the covariance P,. It clearly estab-
lishes the importance of the proposed noise model in providing
the self-adaptive filter characteristics and fast convergence,
even under the most adverse situations. Thus, the mechaniza-
tion of the last model appears to be not only independent of
the initial guess of the state vector but also the state covari-
ance. It is computationally more rugged as well as reliable and
enables convergence in all cases tested. Furthermore, there
being no constants here, unlike in the earlier three models, no
tuning is required whatsoever.

Concluding Remarks

Presented here are four adaptive driving noise covariance
models with a view to combat the filter divergence problems in
implementation of the Kalman filter. The first three models
are based on statistics of the observation residuals. These ap-
pear to make the filter quite robust, being effective regardless
of the level of state errors in the initial guess. However, these
require some trials to determine the proper noise participation
constants. At times, reruns may have to be resorted to for
achieving higher accuracies. However, the last noise model
based on vibration damping analogy is fully robust. It appears
to be totally insensitive to the initial state assumed. With no
need for tuning the filter or even reruns, its versatility is clearly
established. "
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1. Introduction

RECISION pointing requirements are becoming one of

the key features of many present day spacecraft. A star
sensor, with! or without gyro,? is the answer to these stringent
demands. For star sensor-based attitude determination, be it
post facto or realtime, it is mandatory to identify the stars
before attitude estimation can be carried out. In Ref. 3, Gott-
lieb has provided a comprehensive discussion of several star
identification techniques: 1) direct match, 2) angular separa-
tion/phase match, and 3) discrete attitude variation.

The direct match technique, which associates a cataloged
star with each observation by picking the closest star lying
within a specified neighborhood of the observation trans-
formed into the estimated celestial coordinates, requires that
the initial attitude estimate be close to the true attitude. In the
absence of a close initial estimate, the method requires accu-
rate magnitude information for the imaged stars to resolve the
problem of multiple candidate stars. By far, the angular sepa-
ration technique, which matches the angular distances between
pairs of imaged stars with those of cataloged stars, is the most
widely used technique.* However, if the number of candidate
stars is large, the method can run into ambiguities and
misidentifications. The phase match technique is essentially a
one-dimensional version of the angular separation technique
and is suitable for spin-stabilized spacecraft. The discrete atti-
tude variation technigue, which is recommended as only a last
resort by Gottlieb,? as it is essentially a method that repeatedly
uses any of the techniques just mentioned for a host of attitude
guesses, is very costly in terms of processing time. In this Note,
yet another technique is presented that was the outcome of an
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Table 1 Inertial coordinates and direction cosines of observed and candidate stars

Observed Candidate
star Right ' star Right Angular
number ascension  Declination number ascension Declination shift Slope parameters
1 0.6690 28.98100 1 1.94900 29.03100 1.12054 —0.00087 0.01952 0.00076
2 0.38500 27.03400 1.96298 0.01600 —0.00423 ~—0.03000
354.5880 29.10000 1 355.85501 29.30000 1.12390 —0.00009 0.01938 0.00305
3 352.2870 33.22500 1 351.07300 32.32300 1.36212 0.00585 —0.01886 —0.01324
2 353.51901 33.43500 1.05056 0.00022 0.01808 0.00306
4 351.3100 38.94100 1 350.08301 38.12200 1.26171 0.00608 —-0.01797 -0.01118
2 352.67899 39.17600 1.08866 0.00002 0.01873 0.00318
5 351.2270 40.89000 1 349.46301 41.71200 1.55933 -0.01321 -0.02121 0.01078
2 349.83200 42.01700 1.53720 —0.01585 ~-0.01586 0.01474
3 351.64200 42.85000 1.98410 —0.02177 0.00873 0.02547
4 353.51801 40.17500 1.88218 0.01207 0.02904 —0.00948
6 351.2090 40.88600 1 349.46301 41.71200 1.55003 —0.01322 -0.02097 0.01083
2 349.83200 42.01700 1.53104 —0.01585 -0.01561 0.01479
3 351.64200 42.85000 1.99018 —0.02178 0.00897 0.02553
4 353.51801 40.17500 1.89336 0.01206 0.02928 —0.00943
7 351.1910 40.88300 1 349.46301 41.71200 1.54024 -0.01322 -0.02073 0.01087
2 349.83200 42.01700 1.52423 —0.01585 ~0.01537 0.01483
3 351.64200 42.85000 1.99535 —0.02178 0.00921 0.02556
4 353.51801 40.17500 1.90497 0.01206 0.02952 —0.00939
8 352.9640 43.05600 1 351.64200 42.85000 0.98924 0.00017 —0.01706 —0.00263
2 354.24399 44.36800 1.60531 —0.01393 0.01781 0.01655
3 354.39401 43.20600 1.05432 0.00023 0.01830 0.00191
4 354.96100 44.27200 1.88810 —0.01192 0.02661 0.01535
9 353.5120 44.12400 1 351.64200 42.85000 1.86096 0.01211 ~0.02546 —0.01613
2 354.24399 44.36800 0.57835 —0.00198 0.00942 0.00305
3 354.39401 43.20600 1.11792 0.01217 0.00991 —-0.01159
4 354,96100 44.27200 1.04930 0.00003 0.01822 0.00185
10 355.1000 45.06100 1 354.24399 44.36800 0.92209 0.00749 —0.01136 —0.00860
2 354.24899 46.40200 1.46661 —0.01765 -0.00877 0.01634
3 354.39401 43.20600 1.92285 0.02164 —0.01087 —0.02324
4 354.96100 44.27200 0.79517 0.00949  ~—0.00256 ~-0.00979
5 356.36700 46.35800 1.56992 —-0.01501 0.01660 0.01581
11 354.8210 46.25600 1 354.24399 44.36800 1.93101 0.02264 —0.00928 —0.02317
. 2 354.24899 46.40200 0.42111 —0.00249 —0.00669 0.00176
3 354.96100 44.27200 1.98634 0.02465 ~0.00048 —0.02437
4 356.36700 46.35800 1.07279 0.00015 0.01868 0.00123
5 356.74600 46.77100 1.42124 —0.00480 0.02354 0.00619
12 352.7050 46.24900 1 354.24899 46.40200 11.07712 0.00020 0.01871 0.00184
13 348.1860 48.28800 1 346.80701 49.23300 1.31119 —0.01554 —0.01280 0.01087
2 348.00500 49.34400 1.06269 —0.01400 0.00083 0.01214
3 349.30301 48.95400 0.99433 ~0.00604 0.01434 0.00768
4 349.74100 48.56300 1.06786 —0.00008 0.01836 0.00319
14 347.7510 48.66600 1 345.91400 49.98900 1.78411 —-0.02181 —0.01636 0.01505
2 346.80701 49.23300 0.84011 —0.00966 —0.00891 0.00650
3 348.00500 49.34400 0.69817 —0.00812 0.00472 0.00776
4 349.30301 48.95400 1.06185 —0.00016 0.01823 0.00331
5 349.74100 48.56300 1.31959 0.00580 0.02226 —0.00119
15 346.4700 49.03900 1 343.98300 49.67300 1.73940 —0.01533 —0.02520 0.00721
2 344.14200 48.62400 1.58754 -0.00151 —0.02725 ~0.00477
3 345.91400 49.98900 1.01625 -0.01375 —0.00311 0.01077
4 346.80701 49.23300 0.29369 —0.00160 0.00434 0.00222
5 348.00500 49.34400 1.04848 —0.00006 0.01797 0.00348
6 349.30301 48.95400 1.86050 0.00790 0.03148 —-0.00097

~

effort to identify stars without using the magnitude informa-
tion for a post facto attitude determination task using a linear
star sensor flown on the Indian Remote Sensing Satellite IRS-
1A. Like the angular separation technique, this is also based
on the assumption that the basic star pattern is conserved in
the estimated celestial frame. The algorithm associated with
this method uses the concept of a feature vector to identify an
observation-candidate pair and has, therefore, the capability
to resolve ambiguities that would result if only the angular
distance measure is used for identification. In this Note, the

. algorithmic concept, typical results, a comparison of arith-
metic operations involved, and the times on a microprocessor
with those for the widely used angular separation method are
presented.

II. Techmnique

This method, called the pattern match method, is based on
the assumption that the pattern of the observations after trans-
forming to the estimated coordinate frame wherein the atti-

* tude angles are assumed to be zero almost coincides with the
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Table 2 Identification results

1st candidate star
1st candidate star
2nd candidate star
2nd candidate star

1st observed star is its
2nd observed star is its
3rd observed star is its
4th observed star is its
5th observed star is not identified
6th observed star is not identified
7th observed star is not identified
8th observed star is its
9th observed star is its
10th observed star is not identified
11th observed star is its
12th observed star is its
13th observed star is its
14th observed star is its
15th observed star is its

3rd candidate star
4th candidate star

4th candidate star
1st candidate star
4th candidate star
4th candidate star
5th candidate star

Table3 Comparison of number of mathematical operations

Angular separation

Operation Present algorithm method
3‘:)‘:;23‘1‘; o 4NO2#NSb + 4NO —4  2NOC; + 2(NS*NO)C,
Multiplication 4NO + TNO*NS 3NOC; + 3(NS*NO)C,
Division 4 —
Sine/cosine (5NS +4) NO 4(NS +1) NO + NOC,

+ (NS*NO)C,
Square root 4 —_

2NO = number of observations. ® NS = number of candidates per observation.

Table4 Comparison of times on NSSC-1

Times

Present algorithm, s Angular separation method, s

NO==6
NSb -3 0.249 0.562
NO =10
NS = 5 0.596 3.181

3NO = number of observations. * NS = number of candidates per observation.

pattern of the corresponding set of cataloged stars. As seen in
Fig. 1, this means that the vectors that join observations to
their catalog counterparts are all parallel to each other and
have the same magnitude. The present algorithm exploits this
1 roperty to identify the observations.

Let (O;, i =1, NO) be the observed stars that have to be
identified. The NC(/) candidate stars [C;;, j =1, NC(i)] for
each of the NO observed stars are obtained as the set of all
stars in the catalog that are within a tolerance circle of, say,
2 deg from the estimated line of sight calculated with attitude
angles assumed to be zero. A way of arriving at this set would
be to partition the celestial sphere into a number of right
ascension and declination cells. The stars in the cells that the
2-deg circle cuts are considered for extracting the candidate
stars.

The line-of-sight (LOS) unit vector of an observed star O;

in the celestial frame, obtained by transforming the observed
line and pixel number to the inertial frame assuming the atti-
tude angles to be zero, is given by

X; cosqa;  COSd;
Yi | =1 sina; cosé; (0)]
2 siné;
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Let the vectors of the candidate stars C;;, j =1, NC(i) of O;
be given by

Xij cosa;;  COSd;;
Yij | = SiIlOl,' i COS(S,- 1 (2)
Zij sind; ij

The equations for the lines joining O; to C;; are given by?

i ; z—z Ii=1---NO
T . o 3)
i —Xi i Zj—2 J=1--NC(i)

The vector joining an observation Oy to its candidate Cy j;
is parallel and equal in magnitude to the vector joining O, to
Cim jn if the slope parameters

Py ji — Py = Pipjn — Piy  for P=x,y,2 )}

Because of the constant magnitude and direction shift pro-
perty described earlier, the feature vectors, comprising the
three slope parameters P;; —P; (P =Xx,y,z) and the angular
shift parameter of the observations and their corresponding
correct candidates, cluster around a single point in the four-
dimensional feature space, and the feature vectors of the
observations and their other candidate stars tend to fall away
from this cluster. The identification is now a two-step proce-
dure. In the first step, observation-candidate pairs are catego-
rized into angular shift subintervals of, say, 0.2 deg with an
overlap of 0.1 deg, resulting in about 21 subintervals. Then the
subinterval that has the maximum number of observations
that have a single candidate star, whose angular shift from the
observation lies in this range, is found. Then the means and
standard deviations of the slope parameters and the angular
shift parameters of pairs in this subinterval are found. In the
second step, an observation is identified as that candidate star
for which the slope parameters lie within three or four ¢ limits
of the mean. If no candidate exists in the limit, the observation
is discarded as being unidentifiable.

III. Typical Results

For a typical set of observational data, Table 1 gives the
inertial coordinates of observed and candidate stars, as well as
the slope and angular shift parameters of all the observed-
candidate pairs. Table 2 gives the final identification results. It
is seen that some observations are not identified either because
they correspond to spurious data or because stars with no
spectral class have been deleted from the catalog used. Also
seen is the observed star 13, which, had the angular distance

" measure alone been used as basis for identification, would

have caused ambiguity. This star is unambiguously identified
by the present algorithm. For this star, second and fourth
candidate stars have close angular shift values, whereas the

~ slope parameters fix the candidate star uniquely.

IV. Comparison of Processing Times
on a Microprocessor

Since the algorithm is aimed at onboard application, the
computation time for the algorithm is an important measure
for evaluating it relative to other widely used methods like the
angular separation method. The crux of the angular separation
method lies in calculating the angular distances between all
pairs of observed as well as candidate stars.’ The number of
arithmetic operations, such as addition, subtraction, multipli-
cation, division, and sine/cosine operations, as a function of
the number of observed stars NO and average number of
candidate stars per observed star NS for this algorithm and the
angular separation method, is given in Table 3. Table 4 gives
the corresponding times (excluding other instructions) on the
NASA Standard Spacecraft Computer (NSSC-1)36 for both of
the algorithms for various values of NO and NS. It can be seen
that as NS increases the efficiency of the new algorithm is
markedly better than that of angular separation method.
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V. Conclusions
A new technique for star identification that does not use
magnitude information was presented and its efficacy was
demonstrated with typical results. A relative comparison of
_ the estimated computational time on a microprocessor showed
that the proposed algorithm offers a viable tool for onboard
star identification.
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